A B S T R A C T CO 2 reforming of methane is an effective route for carbon dioxide recycling to valuable syngas. However conventional catalysts based on Ni fail to overcome the stability requisites in terms of resistance to coking and sintering. In this scenario, the use of Sn as promoter of Ni leads to more powerful bimetallic catalysts with enhanced stability which could result in a viable implementation of the reforming technology at commercial scale. This paper uses a combined computational (DFT) and experimental approach, to address the fundamental aspects of mitigation of coke formation on the catalyst's surface during dry reforming of methane (DRM). The DFT calculation provides fundamental insights into the DRM mechanism over the mono and bimetallic periodic model surfaces. Such information is then used to guide the design of real powder catalysts. The behaviour of the real catalysts mirrors the trends predicted by DFT. Overall the bimetallic catalysts are superior to the monometallic one in terms of long-term stability and carbon tolerance. In particular, low Sn concentration on Ni surface effectively mitigate carbon formation without compromising the CO 2 conversion and the syngas production thus leading to excellent DRM catalysts. The bimetallic systems also presents higher selectivity towards syngas as reflected by both DFT and experimental data. However, Sn loading has to be carefully optimized since a relatively high amount of Sn can severely deter the catalytic performance.
Introduction
CO 2 dry reforming of methane (DRM) is an environmentally benefiting process due to its ability to utilize the two main greenhouse contributors (CH 4 and CO 2 ) and transforms them into high value syngas (CO + H 2 ),which can be further upgraded to long chain hydrocarbons via Fischer-Tropsch synthesis [1] [2] [3] . The overall reaction for DRM is shown in [Eq. (1) 
The industrial development of the (DRM) process faces several obstacles due to its endothermic reaction character which requires operating temperature between 800-1000°C to attain high equilibrium conversion of CO 2 and CH 4 into syngas and to minimize the thermodynamic driving force for carbon deposition [1] [2] [3] [4] .
Nickel (Ni) based catalysts have received a general acceptance among scientific and industrial community as reference materials for DRM due to their high activity, selectivity, availability and low cost [4] [5] [6] [7] . However, Ni undergoes severe coke deposition and sintering at high reaction temperatures during the DRM process which eventually leads to catalyst deactivation [5] [6] [7] [8] . Most recently synthesis of new yolk-shell based Ni catalysts have shown to reduce sintering and increase carbon resistance during DRM [9, 10] . Price et al. used a ZnO/ Ni@m-SiO 2 yolk-shell catalyst for DRM observing long term stability of the catalyst with high CO 2 /CH 4 conversion, but with some coking [9] . Zhao et al. using a NiCe@m-SiO 2 yolk-shell structure, with a combination of Ni nanoparticle and CeO 2 encapsulated inside silica shells restricted carbon formation during DRM [10] . Also, increase in surface oxygen species was observed on Ni nanoparticles confined in Ceriummodified silica aerogels, which play's a major role in supressing coke formation [11] . Among the various strategies available for the development of Ni based catalysts, surface alloying is a promising alternative [12, 13] . Here-in, a monometallic surface can be modified by the introduction of additional metals, thereby changing the surface ensemble of the metal and drastically reducing the potentiality of carbon deposition [12] . This enhanced carbon tolerance of the Ni catalyst has been reported, especially when alloying with noble metals such as Ru, Rh, Pd and Pt, both activity and stability of the Ni catalyst has increased considerably in comparison to mono-metallic Ni catalysts [13] . However, any capable Ni bimetallic catalysts comprising of noble metals, is less likely to be implemented in large scale industrial applications due to the trade-off between cost of the noble metals and the cost of development of the final process product. Therefore, it is important to develop noble metal free bimetallic Ni catalysts for DRM, with comparable carbon tolerance and catalytic properties to that of noble metals.
Tin (Sn) alloyed Ni catalyst is a promising economically viable alternative, which has been previously used in steam reforming reactions [14] [15] [16] [17] . During steam reforming of methane (SRM) Sn alloying with Ni was observed to have a positive effect towards increased catalyst stability by inhibition of carbon nucleation on the active Ni sites [14] [15] [16] . In addition Sn/Ni alloyed catalyst surface exhibits a promoting effect towards carbon oxidation [16] . In case of DRM, experimental studies conducted by Hou et al., on Sn/Ni alloyed catalyst showcased an increased carbon tolerance and decreased sintering of the Ni catalyst [18] . This attribute of carbon tolerance due to Sn alloying may be due to the tetravalent similarity of electronic structure to that of carbon [19] . Further, small Sn doping on Ni, have shown to increase DRM products conversion [20] . However there remains some contradictions towards the performance of Sn/Ni catalyst in the DRM process. As, in a recent experimental study on silica supported Ni nano-particles, the doping of Sn at various concentrations, was not able to restrict coke formation and also had an adverse effect in decreasing activity of the Ni catalyst [21] . Similar loss in catalyst activity at higher Sn concentrations on Ni surface in DRM, was observed in other experimental investigations [20] [21] [22] .
To have a clear picture of the effect of Sn alloying with Ni in DRM process, it has become imperative to develop a detailed mechanistic understanding leading to experimental investigation, which may provide vital insights to explain the aforementioned effects Sn/Ni alloy in improved carbon resistance and loss in catalyst activity due to higher tin concentration on the Ni Surface.
Density functional theory (DFT) is a reliable method to explore atomic understanding of gas phase molecules to surface interaction [23] , and gain insights into the elementary catalytic reaction mechanisms. The literature on DFT studies, especially for DRM reaction on bimetallic catalyst surfaces, is however limited, with a major focus towards monometallic surfaces. For instance Wang et al. in their studies of DRM on Ni (111) surface found the CeH activation to be the rate determining step and CH-O oxidation route is more favourable than CeO route [24, 25] . In comparison Zhu et al., in their DFT calculations on Ni (111) surface at 973 K, found the CHeO oxidation to be the rate determining step [26] . In addition the possible oxidation route during DRM is firstly through CH 4 dissociation to CH, thereafter oxidation of CH with O formed through direct dissociation of CO 2 [26, 27] . This reaction step has been reported to be common on monometallic Ni, Pt and Pd catalysts [27] . Also, DFT studies of DRM on Pt (111) surface showed abundance of CH species during the dehydrogenation step, which resists coke deposition on the catalyst surface [28] . This increase in activation energy barrier of CH dissociation into C+H was also, evident over Pt-Ni bimetallic surface, where the CH dissociation barrier was found to be higher than that of pure Ni (111), and thereby increasing carbon tolerance of the Ni surface [29] .
In this paper, we report a step forward approach for the catalysts design for the DRM reaction, by combining DFT studies with experimental work. In fact, this paper reveals through DFT studies: (i) the fundamental aspects of DRM in terms of mechanistic information, where catalyst models of a low and high Sn concentration is used to investigate the CeH bond activation and carbon resistance, (ii) the optimised Sn concentration model is used to ascertain key pathways for CO 2 activation, CH and C oxidation compared to mono-metallic Ni (111) surface. From the key insights developed in our DFT studies we have prepared real Sn/Ni bimetallic catalyst surfaces and have performed experimental tests of the long duration micro-activity, followed by catalyst surface evaluation in DRM. Using this catalyst development approach, we have established key insights towards Sn/Ni bimetallic catalysts development with potential applicability.
Methods

Computational method and model
In the present work all the DFT calculations are done using the Cambridge Sequential Total Energy Package (CASTEP) [30] .The calculations uses the generalized gradient approximation (GGA) and the Perdew-Burke-Ernzerhof (PBE) exchange correlation functional [31] . The plane wave kinetic energy cutoff 400 eV is used in all the calculations. Spin polarization is considered for all the calculations. The electron occupancies were determined by Gaussian smearing method [32] with a smearing value of 0.2 eV. Brillouin zone sampling is performed using the Monkhorst-Pack method [33] 3 × 3 × 1 k-points grid is used to describe all the surfaces. The self-consistency field (SCF) is considered to be converged when the total energy of the system is below 10 −6 eV/atom. All geometries were optimized using the (BFGS) [34] algorithm, where, the geometries converged until the forces between atoms are 0.02 eV/Å. Additionally dipole correction to the energy is applied self-consistently in the z direction. Geometry of isolated species were optimized at Γ point in a cubic box of 15 Å × 15 Å × 15 Å. Adsorption energy (E ads ) of the surface adsorbed species is defined by E ads = E species+ slab -E slab -E species , where E species+slab represents the energy of the adsorbed species on the modelled surface, E slab total energy of the clean surface slab and E species corresponds to the energy of the gas phase molecules. The transition states (TS) searches are performed using the same level of theory for those applied to the reactants and products with the complete linear synchronous transit (LST)/ quadratic synchronous transit (QST) method [35] . The convergence criterion for the transition state search is set to be 0.25 eV/Å root-meansquare forces on atoms. The uniqueness of the (TS) structures were confirmed using vibrational frequency analysis using the finite displacement method [36] . Based on the calculated bulk lattice constant of 3.525 Å in the present work which is in good agreement with experimental value of 3.52 Å [37] , the Ni (111) and Sn-Ni (111) surfaces was developed. The surfaces were built by cleaving the Ni bulk lattice in [1 1 1] direction using a (3 × 3) unit cell with 4 layers slab thickness and 12 Å vacuum towards z -direction to ensure negligible intermolecular interaction between the slabs. The bottom 2 layers of the surfaces were kept fixed to their bulk position during all geometry optimizations. The Sn-Ni bimetallic surfaces referred as NiSn 1 (Fig. 1a) and NiSn 2 ( Fig. S6) were modelled by replacing one and two Ni atoms within the outermost surface with Sn atoms respectively. The two surface models with variable Sn coverage of 1/9 ML and 2/9 ML represents low and high Sn concentration on the Ni surface respectively.
Experimental study
Catalyst preparation
All catalysts were prepared by sequential impregnation, where the support (γ-Al 2 O 3 SCFa-230 Sasol) was first impregnated with Ni (NO 3 ) 2 ·6H 2 O (Sigma-Aldrich) diluted in acetone, evaporated at reduced pressure in a rotavapor, dried overnight at 80°C and calcined at 800°C for 4 h. Afterwards, the solids were impregnated in a similar way with SnCl 2 (Sigma-Aldrich) and calcined at 800°C for 4 h. In all cases the NiO content is calculated to be 10 wt.%. The Sn promoted catalysts were prepared to present Sn/Ni molar ratios of 0.02 and 0.04. These ratios were chosen based on previous works [18] and also to reflect the impact of low and relatively high Sn loading on the catalytic performance. For simplicity, all samples will be referred to by only the active components. Ni/Al refers to a catalyst composed of 10 wt.% NiO dispersed on Al 2 O 3 ; NiSn0.02/Al and NiSn0.04/Al are 0.02 and 0.04 mol of Sn respectively for every mole of 10 wt.% NiO on an Al 2 O 3 base.
Catalytic activity
The dry reforming of methane reaction was carried out in a tubular quartz reactor (10 mm ID) at atmospheric pressure, supporting the catalyst on a bed of quartz wool. CO 2 , CH 4 , CO and H 2 content were monitored using an on-line gas analyser (ABB AO 2020 ), equipped with both IR and TCD detectors. All the samples were pre-treated in situ by flowing 20% H 2 /N 2 for 1 h at 800°C.Reactions were operated at temperature ranging from 600 to 800°C, using a constant flow of reactant of 100 ml/min (CH 4 /CO 2 /N 2 : 1/1/6) and adjusting the Weight Hourly Space Velocity (WHSV) at 60,000 ml/(g-cat h).The conversions (Xi) of the different reactants and were calculated as follows:
X-ray diffraction (XRD) analysis was conducted on fresh and used catalysts using an X'Pert Pro PANalytical instrument. The 2θ angle was increased by 0.05°every 160 s over a range of 10-90°. Diffraction patterns were recorded at 40 mA and 45 kV, using Cu Kα radiation (λ = 0.154 nm).
Carbon deposition was studied using SEM and Raman spectroscopy. Scanning electron microscope (SEM) imagery was carried out on a JEOL 5400 equipped with an Energy Dispersive X-ray Spectroscope (EDS) analyser (Oxford Link).
Raman analysis was performed in a Horiba JobinYvon dispersive microscope (HR800) with a confocal pinhole of 1, 000 μm and a laser spot diameter of 0.72 μm, and a spatial resolution of 360 nm. A diffraction grating of 600 grooves per mm, a CCD detector, a green laser with a wavelength of 532.14 nm (maximum power 20 mW), and a 50x objective were used.
Temperature programmed oxidation (TPO) was conducted in a Ushaped quartz reactor coupled to a PFEIFFER Vacuum PrismaPlus mass spectrometer. Samples were heated up to 900°C at a rate of 10°C/min in a flow of 50 ml/min (5% O 2 , 95% He).
Results and discussions
Surface properties of NiSn 1
To study DRM reaction mechanisms on Sn/ Ni (111) bimetallic surfaces, we first investigated the segregation effect that Sn atoms have on Ni (111) surface (Fig. S1 ).The segregation energy calculations (Table  S1 ), indicates that Sn prefers to segregate onto the outermost layer of the Ni (111) surface rather than staying in the bulk. This observation is consistent with previous reported experimental and thermodynamic study that at low Sn concentrations Ni/Sn surface alloy is thermodynamically preferable [15] . Furthermore, the segregation energies on the outermost layer of the Ni-Sn surfaces increases with increase in concentration of Sn, corresponding to -2.66 eV on NiSn 2 and -1.83 eV on NiSn 1 . Similar effect of Sn segregating onto the Ni outer surface was found in Ni 3 Sn bulk alloy phase [38] . The same authors mentioned that a large number of Sn atoms on the surface may have an adverse effect due to the atom induced stress to the surface lattice. This is evident in our study during the geometry optimization of the NiSn 1 surface, the Sn atom is found to move outward by 0.48 Å (Fig. 1b) which is slightly higher than reported experimental value of 0.44 Å [39] . This is mainly due to the atomic radius of Sn being larger than that of Ni and the Sn atoms buckle upwards to compensate for the surface strain. Additionally, (Fig. 1a) , shows that the NiSn 1 surface comprises of high symmetry three fold hollow Ni sites denoted as fcc and hcp respectively and Ni-Sn three fold hybrid sites denoted as fcc-1 and hcp-1 respectively.
Adsorption energetics on NiSn 1 surface
The adsorption energies of the species involved in the DRM reaction on the NiSn 1 surface is shown in Table 1 and the adsorption configurations in Fig. 2(a-j) . On the NiSn 1 surface, we found the stable adsorption sites for the species to be on the fcc or hcp sites with immediate neighbour atoms being nickel. The adsorption sites fcc-1 and hcp-1 [26] nearby to the Sn surface atoms were found to be unstable due to the alloyed Sn atom breaking the ensemble of the connected Ni (111) surface. Similar observations has been reported for Ni 3 Sn bulk alloy phase [38] and surface alloy configurations of Au-Ni, Ag-Ni and Cu-Ni [39] . (Fig. 2a) , shows that atomic carbon binds strongly to the hcp site on NiSn 1 surface with E ads of -6.58 eV and the C-Ni bond distance 1.72 Å. comparatively the E ads of carbon on Ni (111) surface is higher -6.72 eV agreeing closely with previous references [26, 29] . This signifies the carbon-nickel bond gets weaker in the presence of Sn atoms on Ni (111) surface, minimizing carbon nucleation. Similar adsorption energy values of -2.78 eV on Ni (111) and -2.79 eV on NiSn 1 , of atomic hydrogen was calculated. The adsorption energy of atomic oxygen marginally decreases on the NiSn 1 surface with E ads on Ni (111) and NiSn 1 are -5.62 eV and -5.58 eV respectively. The CHx (x = 1-4) are found to be more favourable on the Ni (111) with stronger adsorption energies compared to that on NiSn 1 surface. Notably, a uniform physisorption of the CH 4 gas phase molecule is observed on both the surfaces with very weak adsorption energies of -0.021 eV and -0.01 eV on Ni (111) and NiSn 1 respectively. Further the Ni-C bond distance for CH 4 is 3.28 Å on NiSn 1 (Fig. 2d ).This C-Ni bond distance tends to decrease with decreasing amount of hydrogen atoms for the CHx species [ Fig. 2(d-g) ].
Additionally the adsorption energies E ads tends to increase with loss of H atom, i.e., E ads CH > E ads CH 2 > E ads CH 3 > E ads CH 4 . The hydrogen molecule adsorbs on top of a nickel atom (Fig. 2h) with an E ads of −0.22 eV, where the HeH bond stretches from 0.74 Å in the gas phase to 0.95 Å on adsorption. Also, H 2 , has a stronger adsorption on Ni (111) surface with E ads of −0.30 eV.
DFT studies of CO 2 adsorption on Ni surfaces has previously predicted that covalent bonds of CO 2 are formed during the chemisorption state [41, 42] of the molecule. Where, to achieve the chemisorbed state, the CO 2 gas phase molecule has to be bent artificially form its stable linear form. We have reproduced this configuration (Fig. 2i) and found that CO 2 adsorbs on the two fold bridge site called as (off-top) site in this case. Our calculated adsorption energies were found to be endothermic, 0.49 eV on NiSn 1 and 0.38 eV on Ni (111) surfaces respectively, where the latter is marginally higher than E ads value calculated by Wang et al [41] . CO binds to the hcp site (Fig. 2j) , with the CeO bond elongates to 1.19 Å from 1.14 Å in the gas phase, with stronger E ads −1.81 eV on Ni (111) compared to −1.74 eV on NiSn 1 . The stable structure of CHO is found to occupy the fcc site ( Fig. 2k) with CeO and CeH bond distances of 1.29 Å and 1.11 Å respectively on the NiSn 1 surface, E ads on Ni (111) surface is stronger with −2.28 eV compared to −2.11 eV on NiSn 1 .
DRM reaction mechanism
In DRM reaction mechanisms, methane activates on the catalyst surface via sequential CH 4 dehydrogenation leading to formation of atomic carbon and hydrogen on the surface. CO 2 activation proceeds with direct decomposition into CO and O, providing the main oxidiser to the reaction thereafter surface adsorbed CH and C oxidises to produce CO and H. We have systematically investigated these reaction steps on NiSn 1 surface, where the transition state parameters shown in Table 2 , transition state configurations in [Fig. S3(i-ix) ] and potential energy surfaces (PES) in [ Fig. 3(a-f) ]. Additionally details about transition state parameters for Ni (111) surface [ Fig. S5(i-ix) , Table S4 ] and NiSn 2 surface [ Fig. S7(i-iv) R3. CH 2 * + *→CH* + H* For, the third sequential CH 4 dehydrogenation step, CH 2 adsorbed on the fcc site is selected to be the initial state and co-adsorbed CH at fcc and H at hcp sites is taken to be the final state, where the interaction repulsion energy between the co-adsorbed species is low [ Fig. S3(iii) ]. Interestingly the reaction is found to be exothermic by -0.39 eV (ΔH) with activation energy barrier decreasing significantly from the previous step to be 0.41 eV. In the transition state configuration the CeH bond distance is found to be 1.55 Å.
R4. CH* + *→C* + H
The dissociation of CH is the final and most important step during sequential dehydrogenation of CH 4 , as it governs the formation of atomic carbon on the catalyst surface. The stable configuration of CH adsorbed at the fcc site is selected as initial state and C and H co-adsorbed at the fcc and hcp hollow sites are chosen to be the final states [ Fig. S3(iv) ]. In the transition state configuration the C atom prefers to stay at the fcc site while the H moves to the Ni top site forming a CeH bond distance of 1.77 Å. A very high activation energy barrier of 1.53 eV is obtained for this step.
It has been observed previously that the carbon deposition on the catalyst surface during DRM generally occurs during CH 4 dehydrogenation, which is a major source for atomic carbon [24, 25, 29] . In our DFT calculations it is found that, even a low concentration of Sn corresponding to (1/9 ML) on Ni (111) surface, showed encouraging characteristics towards carbon resistance especially during the CH cracking step, with an elevated activation energy barrier for the formation of atomic carbon and atomic hydrogen on the NiSn 1 surface. To understand further this effect of Sn, we used a higher Sn concentration (2/9 ML) represented as NiSn 2 surface (Fig. S6) for CH 4 sequential dehydrogenation reaction and compared the activation energy barriers with Ni (111). (Fig. 3a) represents the PES for sequential CH4 dehydrogenation, It is evident from the calculated activation energies that the activity of CH 4 dissociation decreases on Sn-Ni (111) surfaces with increasing concentration of Sn. This is observed during the initial dehydrogenation step (CH 4 * + *→CH 3 * + H*) where the activation energy barriers increases to 2.4 times on NiSn 2 to that on Ni (111). Similar behaviour was observed by Liu et al. [22] , in their experimental study, where the activity of the Sn/Ni catalyst decreased with increase in concentration of Sn on the Ni surface. However, the carbon resistance increases with a higher concentration of the Sn on the surface. This observation is showcased during the CH cracking step (CH* + *→C* + H), where the activation barrier remarkably increases on the NiSn 2 by 1.2 times compared to that on the Ni (111). Considering the balance between the activity and stability for the development of Sn-Ni (111) catalyst, we propose the NiSn 1 surface to be an ideal bimetallic composition for Sn/Ni surfaces, which is a clear representation of a very low Sn loading on the Ni (111) surface to achieve an acceptable catalytic activity and enhanced stability. These insights have been further complimented with experimental validation in (Section 3.4), where we have evaluated the catalytic activity, stability and resistance towards coking of real heterogeneous catalysts using different Sn loadings.
Hydrogen formation R5. H* + H*→ H 2 *
The formation of hydrogen molecule occurs from the adsorbed hydrogen atoms on the NiSn 1 surface, contributed chiefly through the dehydrogenation of methane reactions (R1-R4). The hydrogen atoms adsorbed on parallel hcp sites are considered to be the initial state with the final state configuration forming on the top site of a nickel atom [ Fig. S3(v) ]. The HeH bond length at transition state is 1.18 Å. (Fig. 3b) shows the reaction to be slightly endothermic on both the surfaces with activation energy barriers of 0.94 eV and 0.90 NiSn 1 and Ni (111) respectively. Additionally the value of activation energy barrier on Ni (111) compares well with previously reported value of 0.92 eV [26] . [25] [26] [27] 43, 44] . The direct CO dissociation route was proposed to be more favourable [24] . Therefore for simplicity we have only investigated the direct CO 2 dissociation route on the NiSn 1 surface.
For CO 2 dissociation, the chemisorbed structure of CO 2 on the offtop position on the NiSn 1 surface is considered to be the initial state and the final state configuration shows CO adsorbed on the fcc site and O on the opposite bridge site [ Fig. S3(vi) ].The lateral interaction between the co-adsorbed species is relatively high by 0.94 eV. In the transition state configuration the both CO and O are on the bridge sites opposite to each other with cleaving CeO bond elongated to 1.81 Å. From (Fig. 3c) , it can be seen that the reaction is exothermic with an activation energy barrier of 0.83 eV on the NiSn 1 surface. Comparatively the exothermicity of the reaction becomes almost double on the Ni (111) surface facilitating a lower activation energy barrier of 0.59 eV. CO 2 activation which is found to be slightly less compared to previous results 0.67 [26] 0.78 eV [41, 42] .
CH and C oxidation
Our data for CH 4 sequential dissociation revealed, a high activation energy barrier for the (CH* + *→ C* + H) step, thereby confirming the abundance of CH* species on the NiSn 1 surface. Further, CH is predicted to dissociate to form atomic C and H which in turn might react with the atomic O formed during the CO 2 dissociation step. These observations match fairly well with the DFT calculations reported by Zhu et al, who pointed out that energetically CH and C are the most likely candidates to undergo oxidation on Ni (111) surface [26] . Therefore in this work we have investigated the CH and C oxidation pathways to elucidate the most energetically favourable CO forming route on NiSn 1 surface.
R7. C* + O*→CO*+*, In the initial state configuration atomic C is on the fcc site with the atomic O being in the opposite bridge site, which during the transition state moves to the top site [ Fig. S3(vii) ] with the distance between C and O decreasing to 2.05 Å from 3.05 Å during the initial state. Additionally, a high lateral interaction by 0.94 eV is found for the co-adsorbed species. Remarkably, the reaction is highly exothermic by -2.47 eV (ΔH) on the NiSn 1 surface, which also indicates the tendency of coke formation from the backward reaction (CO dissociation) is unlikely. Similarly the reaction is also exothermic on Ni (111) surface -1.59 eV(ΔH). Further the activation energy barrier on NiSn 1 surface is 1.36 eV, signifying a thermodynamically more favourable surface for C oxidation compared to Ni (111) (Fig. 3d) , where the energy barrier was found to be marginally higher with 1.37 eV, which is lower than the values by 1.59 eV [39] 1.61 eV [44] reported in previous works.
The oxidation of CH species undergoes two reaction steps, where initially CHO intermediate is formed (CH* + O*→CHO* + *) and thereafter, CHO decomposes (CHO* + *→CO* + H*) to form surface available CO* and H*.
R8. CH* +O*→CHO* + * CHO formation [ Fig. S3(viii) ] shows the initial state configuration of CH occupying the stable fcc site and O in the adjacent bridge site with repulsion energy due to co-adsorption being 0.86 eV. During the transition state similar to C oxidation, the atomic O moves to the top site with CeO distance decreasing from 2.85 Å in the initial state to 1.87 Å. Presence of Sn on Ni (111) surface promotes CHO production which is evident from the lower activation energy barrier of 1.22 eV on NiSn 1 compared to 1.31 eV on Ni (111) (Fig. 3e) . Further, the endothermicity of CHO formation on Ni (111) has been previously established by Zhu et al [26] , matching perfectly with the value of 0.25 eV (ΔH) obtained in our study. However, the reaction becomes exothermic on the NiSn 1 surface by −0.38 eV (ΔH), thereby making the NiSn 1 surface more favourable to CHO production.
R9. CHO* +*→CO* + H* CHO decomposition is a highly exothermic with values of −1.23 eV (ΔH) and −1.30 eV(ΔH) on the Ni (111) and NiSn 1 respectively, accompanied with low activation energy barriers.
[ Fig. S3(ix) ] shows the CeH bond of CHO adsorbed on the fcc site during the initial state slightly stretches from 1.11 Å to 1.19 Å during the transition state producing CO and H on the surface during the final state of the reaction. Interestingly (Fig. 3f ) NiSn 1 surface is marginally favourable by 0.03 eV for CO production.
Experimental evaluation 3.4.1. Catalytic activity
The fundamental information at electronic and mechanistic level gained from the DFT study was employed to guide the design of real heterogeneous catalysts for DRM. Two bimetallic Ni-Sn catalysts with different Sn loading compositions and a reference monometallic Ni system were prepared. To determine the crystallinity and phases present on the prepared samples, XRD analysis was performed. The XRD pattern in all the fresh samples (Fig. S8) uniformly found the absence of metallic nickel (Ni°) and NiO, indicating an effective dispersion of Ni on the primary alumina support. The presence of Ni spinel (NiAl 2 O 4 ) could not be fully discarded although the amount of Ni in our catalysts is too low for a full transformation to aluminate spinel [20] . Further major textural or crystalline structural changes on Sn addition was not observed in XRD analysis due to its low concentration in the prepared samples. Also, the XRD pattern of the spent catalysts (Fig. S8) shows presence of metallic Ni particles, which constitute the main active sites for the reaction. Finally, crystalline carbon formation in the spent samples was detected around 25°.
The catalytic activity tests of the prepared samples were tested under close to real operation conditions in DRM. As shown in (Fig. 4a) , the monometallic Ni/Al catalyst is more active for CH 4 conversion than the bimetallic Ni-Sn solids at early reaction stages (after 5 h) in good agreement with the comparative activation energies barrier's on Ni (111) and Sn-Ni(111) surfaces reported above. The activation of CH 4 may further improve with the inclusion of oxide supports, especially CeO 2 , which in previous DRM studies has shown to activate the CeH bond with very low activation energies at low DRM temperatures [45] . However, with time elapses the methane conversion level over Ni/Al catalyst reduces significantly from the 10-20 hr period. In comparison the prepared bimetallic Ni-Sn catalysts, in particular the one with lower concentration of Sn (NiSn0.02), remains very stable after 10 h of reaction and displayed a good level of CH 4 conversion at the end of the long term test. This result corroborates the fact the carbon formation is mitigated in the presence of Tin due to the elevated activation energy barriers on the Ni-Sn surfaces, found in the DFT study. The thermodynamic energy demand for the activation of CO 2 on catalyst surfaces in DRM is much less compared to CH 4 activation, evident from the calculated activation energy barriers [ Fig. 3(a,c) ]. This is seen during the activity tests (Fig. 4b) where all the catalysts achieved higher levels of carbon dioxide conversion in comparison with those of methane. In fact rather high CO 2 conversion levels were achieve (ca 80%) at the beginning of the reaction and stable performance was maintained throughout the tested 10 h period. Similarly to the CH 4 activity trend, the performance of monometallic Ni/Al drops compared to the bimetallic and in particular to the NiSn0.02/Al which maintains fairly good CO 2 activity. The results obtained in our experiments for the conversion of the main DRM reactants (CH 4 and CO 2 ), further establishes the point of the requirement for low Sn loading on the Ni surface to achieve a superior catalyst performance. This is attributed to the fact that too great an amount of Sn effectively smothers active sites, preventing access to the reactants and thereby reducing activity in both the long and short term [19, 20] . As for the chemical CO 2 upgrading, all the samples manage to produce syngas with a H 2 /CO ratio close to 1 which is the limit allowed by the thermodynamics (Fig. 4c) . Again the impact of the promoter is evidenced here with the Ni/Al catalysts getting deactivated and displaying a decrease of the H 2 /CO ratio (therefore producing a hydrogen-poor syngas) while the NiSn 0.02 /Al sample performs very steadily conserving high levels of H 2 /CO exiting the reactor. This observation matches remarkably with our DFT results of C and CH oxidation where, the activation energy barriers for both were found be lower on the NiSn 1 surface [ Fig. 3(d-f) ]. Although the hydrogen formation on the NiSn 1 surface has a slightly higher energy barrier compared to Ni (111) [Fig. 3b] , the reaction energy (ΔH) is found to be less endothermic on NiSn 1 surface, which might facilitate the hydrogen formation reaction and boost the overall catalytic activity.
Carbon formation on Ni and Ni-Sn catalysts
Overall, the insights gathered from the DFT calculations and the experimental catalytic activity tests univocally indicate the superior capacity of the Ni-Sn catalysts to avoid carbon deposition and to achieve greater catalytic performance. This point has been further explored through, SEM and Raman spectroscopy. The SEM images clearly shown the differences on carbon deposition phenomena in both mono and bimetallic catalysts. Comparing the fresh and spent catalysts images it is observed that the monometallic catalyst (Fig. 5a and c) is fully covered of carbon after the DRM reaction whereas the bimetallic system (Fig. 5b) is only partially covered of filamentous carbon species. In fact only a minor fraction of the catalysts particles are covered by carbon in the Ni-Sn catalyst for small amounts of dopant (0.02 Sn/Ni molar ratio) indicated by the red circle in (Fig. 5d) . In other words, the bimetallic catalyst after 20 h of continuous operation still present most of its active sites available for the reaction thus reflecting the longer life span of this material as shown in Fig. 4 .
Further details on the nature of the carbon deposits was obtained by Raman spectroscopy (Fig. 6) . The typical features of crystalline carbon were observed. Peaks at 1, 350 (D-band) and 1, 585 cm-1 (G-band) are commonly ascribed to sp 2 -bonded carbon species and assigned to phonons of A 1g and E 2g symmetry respectively [46] . The D band indicates the density of defects in graphitic materials while the G-band corresponds to the tangential vibrations of CeC bonds of the graphitic carbon structures. Thus the relative intensity of those peaks can express the graphitization of carbon materials. The lower the I D /I G value is, the higher is the degree of graphitization. As indicated in the Fig. 6 , the Ni/ Al catalyst lead to the stronger and more crystalline carbon (I D / I G = 1.20) while the Sn promoted materials presented remarkably less graphitised carbon after the reaction which indicates that this carbon is softer and easy to be removed and therefore it is less harmful in terms of catalysts deactivation. The Sn loading also affects carbon deposition as evidenced in our results being the NiSn0.02/Al sample more resistant towards carbon deposition (at least towards crystalline carbon formation) than the NiSn0.04/Al. This observation was further studied with TPO analysis (Fig. 7) of the spent catalysts, where the carbon oxidation temperatures on the Ni/Al and NiSn0.02/Al catalyst surfaces were found have single peaks at 632°C and 622°C respectively. This further confirms the presence of graphitic carbon on both surfaces, however the NiSn0.02/Al catalyst is more resistant to carbon formation (or leads to softer carbon deposits) with lower oxidation temperature compared to Ni/Al. It may be concluded from the SEM, Raman and TPO analyses that Sn on the bimetallic formulation does have a positive impact in slowing down coke formation on the catalyst surface.
Conclusions
Sn/Ni as active phase for a DRM catalyst represents a viable option for chemical CO 2 recycling to produce high quality syngas. The bimetallic Ni-Sn formulation is superior in terms of activity, stability and selectivity towards syngas compared to the monometallic Ni -observations demonstrated both in model catalytic surfaces and real heterogeneous catalysts. Ni-Sn interaction is vital to achieve excellent levels of CO 2 and CH 4 conversion. The positive effect of tin is credited to Sn atoms occupying C nucleation sites in the vicinity on Ni atoms, slowing coke formation (i.e. increasing the energy barrier for coke nucleation). The addition of Sn does not fully prevent carbon deposition but it does slow down the carbon formation and it also affects to the type of carbon formed over the catalyst's surface. The optimisation of Sn loading is a key factor since relatively high amounts of Sn impact negatively on the catalytic activity while small amounts of Sn lead to a good compromise between activity and carbon resistance. Along with the exceptional resistance towards carbon deposition, Sn also promotes the oxidation of the key reaction intermediates such as CHO over the catalyst's surface thus favouring the final products formation as evidenced by our DFT calculations and catalytic runs.
Overall, this paper illustrates a strategy to develop highly efficient bimetallic catalysts for DRM using DFT tools to guide the development of powder catalysts for realistic applications in reforming units for CO 2 utilisation. 
